The application of femtosecond four-wave mixing to the study of fundamental properties of diluted magnetic semiconductors ((s,p)-d hybridization, spin-flip scattering) is described, using experiments on GaMnAs as a prototype III-Mn-V system. Spectrally-resolved and timeresolved experimental configurations are described, including the use of zero-background autocorrelation techniques for pulse optimization. The etching process used to prepare GaMnAs samples for four-wave mixing experiments is also highlighted. The high temporal resolution of this technique, afforded by the use of short (20 fsec) optical pulses, permits the rapid spin-flip scattering process in this system to be studied directly in the time domain, providing new insight into the strong exchange coupling responsible for carrier-mediated ferromagnetism. We also show that spectral resolution of the four-wave mixing signal allows one to extract clear signatures of (s,p)-d hybridization in this system, unlike linear spectroscopy techniques. This increased sensitivity is due to the nonlinearity of the technique, which suppresses defect-related contributions to the optical response. This method may be used to measure the time scale for coherence decay (tied to the fastest scattering processes) in a wide variety of semiconductor systems of interest for next generation electronics and optoelectronics.
Introduction
III-V diluted magnetic semiconductors exhibit ferromagnetic coupling mediated by carriers (holes), permitting external manipulation of magnetic characteristics using electrical and optical control of the carrier population. This feature makes these materials attractive for a whole host of magneto-sensitive electronic and optoelectronic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , including the possible integration of logic and memory. [11] [12] [13] [14] [15] Realizing such applications requires a good understanding of the fundamental properties of these materials; however, the large density of defects associated with their growth at low temperatures (essential for the substitutional incorporation of magnetic dopants such as Mn) severely complicates the theoretical treatment of exchange coupling and ferromagnetic order [16] [17] [18] . These defects also impede the interpretation of transport and linear optical experiments on these materials [19] [20] [21] [22] [23] [24] .
The utility of the nonlinear optical technique of four-wave mixing spectroscopy for gaining new insight into these materials was recently revealed in experiments on GaMnAs 25, 26 , representing the prototype III-V diluted magnetic semiconductor. The nonlinearity of the technique was shown to provide a much greater sensitivity to fine structure in the optical joint density of states, indicating a strong enhancement of the interband optical response with the incorporation of Mn 25 . This observation is a signature of (s,p)-d hybridization that had been recently predicted in tight-binding calculations 18. This new insight was afforded by the low optical dipole moment associated with transitions involving the mid-gap defect states, which mask these effects of hybridization in linear optical experiments 27 . The high time-resolution of the four-wave mixing technique has also been used to obtain the first direct measurement of the time-scale of hole-Mn spin flip scattering in this system 26, providing new insight into exchange coupling. These experiments also showed that the optical response of this material is a photon echo, indicating that the dephasing time is independent of carrier energy despite defect-induced localization.
Here we present a detailed description of the four-wave mixing technique used in references 25, 26 , illustrating how it may be used to measure the dephasing time (T2), the nonlinear (third-order) spectral response, and the nature of broadening (homogeneous or inhomogeneous) in a material of interest. Spectrally-resolved and temporally-resolved experimental configurations are featured, together with an explanation of the zerobackground autocorrelation technique used in conjunction with a prism compressor to minimize the pulse duration at the sample position. This pulse duration determines the overall time-resolution of the technique and must be below 30 fsec to resolve spin-flip scattering in GaMnAs. The etching process used to prepare the GaMnAs samples for experiments in the transmission geometry is also highlighted. This work builds upon the established utility of four-wave mixing techniques for studying scattering processes and many-body effects in traditional semiconductors 1. Set up two mirrors and two irises defining the input path for the optical setup, as shown in Figure 1 . Each day, these irises and mirrors should be used to recover the setup alignment. Since the laser drifts day to day, several iterations of alignment are required on a daily basis to maintain optimal alignment. 2. Construct a pulse compressor containing two prisms, as shown in Figure 1 . The pulse compressor introduces negative group velocity dispersion to compensate for the positive group velocity dispersion caused by lenses and optical windows on the way to the sample. The amount of group velocity dispersion compensation is determined by the separation between the prisms (coarse) and the amount of glass the beam propagates through in the second prism (fine). These are iteratively adjusted to optimize the pulse duration while detecting the pulse autocorrelation (See section 2.) 3. Insert a 50/50 beam splitter to divide the incoming pulses from the laser into two excitation pulses, E1 and E2. 4. Set up an optical delay line for pulse E1 using a pair of mirrors mounted on a manual translation stage. This stage is used to make coarse adjustments of the delay between pulses E1 and E2. Note: one must ensure that the optical path into the mirror pair is parallel to the axis of motion of the translation stage and that the mirrors are aligned at 45° to each other and do not introduce vertical deviation. 5. Set up an optical delay line for pulse E2 using a set of mirrors and an optical periscope that send the beam down onto a lightweight retroreflector mounted on the cone of a speaker. Mounting the speaker vertically minimizes anharmonic motion of the speaker caused by the weight of the retroreflector as well as deleterious movement (jiggle) of the retroreflector as the speaker moves. Note: one must ensure that the beam path into the retroreflector is parallel to the axis of motion of the speaker (i.e. vertical). Together with a function generator and current amplifier, the speaker allows the inter-pulse delay to be rapidly scanned during the experiment. The current amplifier is needed to ensure a sufficiently-large amplitude of motion of the speaker (>1 mm). The linear portion of the speaker throw determines the total accessible pulse delay range in the experiment. 6. Ensure that the two optical beams are parallel, and insert a single lens (diameter 5 cm, focal length 50 cm) into the path of the two beams, as shown in Figure 1 . This lens is used to focus the two beams onto the sample contained in an optical cryostat, allowing the sample to be held at any desired temperature between 4-300 K. 7. Spatial and temporal overlap at the sample position are optimized by performing an autocorrelation at an equivalent focus in preparation for detection of the four-wave mixing signal. (The autocorrelation alignment is described in section 2.). 8. For spectrally-resolved, time-integrated experiments (SR-FWM), send the four-wave mixing emission into a monochromator, adding a lens to focus into the input slit. 9. Place a high-speed photomultiplier tube detector (PMT) after the monochromator to detect the spectrally-resolved four-wave mixing emission.
Note: the high voltage applied to the PMT should only be turned on with the PMT in the dark. 10. Connect the PMT output signal to an oscilloscope. 11. Using a function generator and current amplifier, set the speaker to oscillate at approximately 30 Hz to introduce a periodic variation of the time delay between pulses E1 and E2. Perform a measurement of the SR-FWM signal (PMT signal) versus pulse delay using the oscilloscope. The calibration of the time axis of the oscilloscope is determined using the autocorrelation signal, as described in section 2. 12. For time-resolved four-wave mixing (TR-FWM), insert a second 50/50 beam splitter to create a third laser pulse (called the gate pulse), as shown in Figure 1 . 13. Set up a separate optical delay line for the gate pulse. This delay line contains a set of mirrors mounted to a manual translation stage for coarse adjustment of the gate pulse delay, and a second speaker for rapid scanning of the gate pulse delay. 14. Remove the lens in front of the monochromator and insert a mirror to pick off the four-wave mixing beam. 15. Insert a lens to focus the four-wave mixing emission, together with the gate pulse, into a Beta Barium Borate (BBO) nonlinear crystal cut for type I phase matching for 800 nm at normal incidence. Perform a measurement of the second harmonic intensity as a function of gate pulse delay using another high-speed PMT. 16. Set up a path for autocorrelation measurements by inserting a large planar mirror in front of the cryostat. This mirror is used to redirect both E1 and E2 pulses to a second focus. Here, place a second BBO crystal. Note: the input beams must be blocked during movement of this planar mirror to avoid hazardous reflections. 17. Perform a measurement of the second harmonic signal resulting from the overlap of pulses E1 and E2 as a function of the interpulse delay, which is scanned using the speaker in the path of pulse E2. The second harmonic signal is detected using a fast photodiode and the oscilloscope. During this measurement, the pulse compressor alignment is optimized to provide the minimum possible pulse duration, as described in more detail in section 2.
Pulse Measurement and Optimization
1. Insert a large planar mirror to redirect the focal point of the two excitation beams from the sample to the secondary focus, as shown in Figure 1 . 2. Place the BBO crystal at the focal point. This is used to generate second harmonic from the combination of the two input pulses E1 and E2.
The crystal holder must allow for adjustments along all three spatial axes as well as rotation. 3. Place a short-pass optical filter after the crystal that rejects 800 nm light and transmits 400 nm light. 4. Two violet beams should be visible on a white card placed after the filter. These beams correspond to the second harmonic from each pulse E1 and E2 alone. Set the angle of rotation of the crystal so that it is approximately half way between the angles giving the maximum brightness of each of the two outer spots. This will be the approximate angle that optimizes the zero-background autocorrelation beam from the second harmonic from the combination of the two input pulses E1 and E2. Adjust the path length of the E1 pulse until a central second harmonic spot appears. This spot is the zero-background autocorrelation resulting from the combination of E1 and E2. 6. Insert a fast silicon photodiode in the path of the central second harmonic spot. 7. Vary the path length of pulse E2 periodically by using a function generator and amplifier to control the motion of the speaker in the E2 path, as described in section 1. 8. Connect the photodiode to an oscilloscope and record the observed autocorrelation. To properly view the autocorrelation, trigger the oscilloscope on a TTL pulse from the function generator. The TTL trigger pulse may need to be delayed using a digital delay generator to allow the autocorrelation to be observed on a convenient time axis setting on the oscilloscope. 9. Adjust the path length of pulse E1 using the manual translation stage and note how this adjustment shifts the temporal position of the peak of the second harmonic signal on the oscilloscope. The recorded micrometer positions for two successive peak positions may be used to convert the oscilloscope time axis to pulse delay (in femtoseconds). 10. Adjust the positions of the two prisms in the pulse compressor while viewing the autocorrelation signal on the oscilloscope in order to ensure that the autocorrelation peak is as narrow as possible. The minimum pulse duration achieved in these experiments was approximately 20 fsec.
Sample Preparation
1. For our four-wave mixing experiments, the sample consisted of a 500 µm GaAs substrate, a 175 nm AlGaAs stop etch layer and a 750 nm thin film of GaMnAs. This sample was grown by molecular beam epitaxy at the University of Notre Dame. 2. These four-wave mixing experiments are carried out in the transmission geometry, and as a result, the substrate must be removed. Place a small bead of optical adhesive onto a sapphire window. Sapphire provides an excellent substrate for experiments at low temperature due to its good transparency and large thermal conductivity. Place the sample with the GaMnAs thin film face down onto the optical adhesive and press it down uniformly to remove excess glue from beneath the sample surface. 3. Cure the optical adhesive by exposing the sample to an ultraviolet lamp for approximately 6 hr. The lamp radiation must expose the sample from the sapphire side to cure the adhesive. 4. Using a mechanical polishing/grinding system (e.g. Buehler Beta Grinder-Polisher), remove 300-400 μm from the substrate. This step substantially reduces the time required for chemical etching. 5. Remove the remaining substrate by immersing the sample in a solution of citric acid (5 parts 6.28 M) and hydrogen peroxide (1 part, 30% solution). When the stop etch layer is reached, the sample will transition from a dull grey to a mirror-like finish, indicating that it can be removed from the solution. The average etch rate for GaAs is 20 μm/hr and for AlGaAs is 160 nm/hr for this solution. 6. Remove the sample from the acid solution and rinse in deionized water, followed by spectroscopic-grade acetone, and then methanol. 7. Mount the sample in the optical cryostat at the focal point of the E1 and E2 beams. Evacuate and cool the cryostat to the desired temperature.
Measurement of the Four-wave Mixing Signal
1. Once the autocorrelation signal is optimized, the sample has been mounted in the cryostat, and the cryostat has been cooled, remove the large flat mirror used to redirect the laser focus. 2. To perform SR-FWM experiments, focus the four-wave mixing signal beam into a monochromator. To locate the four-wave mixing signal beam, first locate the transmitted E1 and E2 spots on an alignment tool (with wavevectors k1 and k2) and use their positions to determine the expected position of the four-wave mixing signal beam (2k2 -k1). 3. Place a high speed PMT at the output of the monochromator and connect it to the oscilloscope. Note: the high voltage bias on the photomultiplier tube must only be turned on with the detector in the dark. 4. With the function generator and amplifier powered on, leading to a periodic motion of the speaker in the path of pulse E2, use data acquisition software to record the oscilloscope trace for each desired wavelength setting of the monochromator. This trace consists of the four-wave mixing signal versus the delay between pulses E1 and E2. The trace is averaged over several scans, the number of which being chosen using the digital oscilloscope. Note: The dynamic range in this case is limited by the analog to digital converter in the oscilloscope. If detailed structure in the tail of the signal is desired, one can either increase the sensitivity of the voltage scale or acquire the four-wave mixing signal using a fast data acquisition board instead of an oscilloscope 5. To perform TR-FWM measurements, remove the lens focusing the beam into the monochromator and insert a mirror to pick off the four-wave mixing signal beam. 6. Focus the four-wave mixing beam and the gate pulse into a BBO crystal, followed by an optical filter which passes only the sum frequency beam. 7. Perform a measurement of the cross correlation of the signal and gate pulse using a PMT. Vary the gate pulse delay by connecting the function generator and amplifier to the speaker in the gate pulse path. 8. Record the TR-FWM signal by using data acquisition software to record the oscilloscope trace for fixed values of the delay between pulses E1 and E2, which can be set using the manual translation stage in the beam path for pulse E1.
Representative Results
Typical results of a SR-FWM experiment on GaxMn1-xAs (x = 0.005 %) are shown in Figure 2(b) , together with results on a reference sample of GaAs grown under the same low-temperature conditions (Figure 2(a) ). The success of the experiments is indicated by the high signal to noise ratio, allowing variations in the signal amplitude (indicated by the color scale) with both time delay and photon energy to be clearly assessed. A high signal to noise ratio is achieved by carefully optimizing the sample position in order to locate a clear spot on the sample with minimal scattered light from the excitation pulses. A successful experiment also requires that the sample thickness be comparable to the absorption depth for the photon energy of the excitation pulses. This maximizes the optical signal from the sample without introducing propagation effects that would complicate the analysis. For the results in Figure 2 , the optical density was 0. A slice of the two-dimensional SR-FWM data in Figure 2(b) is shown in Figure 3(a) for a fixed photon energy of 1.533 eV, illustrating the dependence of the signal on the delay between the excitation pulses. This delay-dependent signal may be fit using an analytic model 33 convoluted with the finite laser pulse profile (measured using zero-background autocorrelation techniques), allowing the dephasing time for electron-hole pairs to be extracted (T2 = 65 fsec for the data shown). These fits are indicated by the solid curves in Figure 3 . If many-body effects play a strong role in the sample under study, a more complicated analysis may be required 34, 35 . This is the case for the SR-FWM data in low-temperature grown GaAs in Figure 2(a) at the exciton (1.515 eV) , where the signal is mediated by exciton scattering with free carrier transitions 34 . In GaMnAs for energies above the band gap of GaAs, the simpler two-level model provides good agreement, indicating no evidence of many-body effects. Such effects contribute much more strongly in traditional GaAs grown at elevated temperatures 25, 26, 35 .
Results of TR-FWM experiments on the same GaMnAs sample are shown in Figure 3(b) . For these data, the delay between the two excitation pulses is 54 fsec, and the horizontal axis shows the signal envelope versus the arrival time of the gate pulse relative to the four-wave mixing signal pulse at the BBO crystal. The position of the peak signal in TR-FWM experiments provides a way to distinguish between homogeneouslybroadened and inhomogeneously-broadened optical transitions, shown schematically in Figure 4 . In the latter case, the simultaneous excitation of optical transitions with a range of resonance energies leads to a rephasing of the polarizations at all energies at a time t ≈ 2t D , where t is the time of arrival of the gate pulse relative to the four-wave mixing pulse and t D is the delay between pulses E1 and E2. Here t = 0 is the arrival time of the pulse E1. In Figure 3(b) , t D = 54 fsec, and the TR-FWM signal peaks at t ≈ 100 fsec, indicating a photon echo response for the interband optical transitions in this system. The TR-FWM signal for a range of values of the inter-pulse delay t D is shown in Figure 5 , indicating a shift of the signal to larger t with increasing t D . The excellent simultaneous agreement between the analytic model and both the SR-FWM (Figure 3(a) ) and TR-FWM (Figure 3(b) ) results indicates that many body effects do not contribute significantly and that the dephasing rate is independent of the transition energy of the electron-hole pairs, despite defect-induced localization in this system. From comparison with data in low-temperature-grown GaAs as well as GaAs grown at high temperature, the dominant dephasing process is identified as hole-Mn spin-flip scattering 26 , providing new insight into the exchange interaction responsible for ferromagnetic order in this system. 
Discussion
The four-wave mixing technique may be used to measure the time scale for coherence decay on optical transitions in a wide range of material systems. For a variety of applications in advanced electronics and optoelectronics, this dephasing time is of crucial importance. For instance, in quantum computing applications (for which exciton transitions in semiconductors represent the fundamental quantum bit in several proposals [36] [37] [38] ), the dephasing time determines the temporal window during which quantum operations and error correction must be carried out. The time scale for coherence decay is dictated by the fastest scattering processes of electrons and holes in the material, and so measurements of the dephasing time also provide insight into the nature and strength of the associated interactions responsible for these fast scattering processes. The type of interactions involved will depend strongly on the semiconductor system under study, and will govern both transport and coherence decay in any device application using this material. The four-wave mixing method therefore provides an important tool to characterize materials of interest for next generation electronic and optoelectronic devices. In such studies, the time-resolution is the most important limitation. This resolution is dictated by the optical pulse duration, which must be shorter than the dephasing time in the material under study. The specific experimental configuration described here is ideally applied to the study of fast decay processes (< a few picoseconds in Here we elucidate the utility of this technique for the investigation of III-V diluted magnetic semiconductors, in which strong hole-Mn exchange coupling leads to carrier-mediated ferromagnetism. Spin-flip scattering between holes and Mn ions is also caused by the hole-Mn exchange interaction. We have shown that four-wave mixing techniques may be used to obtain a direct measurement of the time scale of this process, providing insight into exchange coupling in this important class of materials. We have also shown that the nonlinearity of the four-wave mixing technique provides a highly sensitive probe of the band edge states in these materials, providing clear signatures of the (s,p)-d hybridization process that is the origin of the strong exchange coupling in this system. The increased sensitivity of four-wave mixing relative to linear optical techniques (e.g. absorption, ellipsometry, magnetic circular dichroism) to these band edge states stems from the nonlinearity of this technique, which suppresses defect-related contributions to the optical response.
This work lays the foundation for applications of this technique to study key physical properties of interest, such as the electronic structure and exchange coupling, in a wide range of III-V diluted magnetic semiconductors. This will allow these materials to be engineered for applications in semiconductor spintronics, including a whole host of magneto-sensitive electronic and optoelectronic devices.
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